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Abstract 
Palm kernel shell and empty fruit bunch (as secondary fuel) were co-fired in a fluidized-bed combustor using alumina 
sand as bed material to prevent bed agglomeration. During the experiments, the fuels were injected into the reactor at 
different levels ensuring constant heat input, while the energy fraction of secondary fuel (EF2) was ranged from 0 to 
0.25 with excess air (EA) of 20–80%. The study revealed significant effects of EF2 and EA on the CO, CxHy, and NO 
emissions, as well as on the combustion efficiency of the combustor. Cost-based optimization aimed at minimizing 
“external” costs of the biomass–biomass co-combustion was applied to determine the optimal values of EF2 and EA. 
Under optimal operating conditions, the combustor can be operated with high (about 99%) combustion efficiency at 
minimum emission costs, while reducing the NO emission roughly by 35% compared to firing pure palm kernel shell. 
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1. Introduction 
Presently, the palm oil industry plays an important role in the economy of most tropical countries. In 
2013, the total world production of palm oil was 58 million tones. Indonesia is the world’s largest palm 
oil producer with the production share of 53%, followed by Malaysia (36%) and Thailand (3%) [1]. 
Palm kernel shell (PKS) and empty fruit bunch (EFB) are the major oil palm residues exhibiting a 
substantial potential as a resource of energy for heat and power generation via direct combustion in 
fluidized-bed systems. However, burning PKS with its elevated fuel N on its own results in the substantial 
NO emission [2], whereas the combustion of high-moisture "as-received" EFB in a fluidized-bed system 
is expected to be unstable or not feasible [3].  
Co-firing (or co-combustion) seems to be an effective tool to remediate this deficiency and operational 
problems associated with firing of each biomass on its own. This combustion method is reported to be 
flexible to fuel type (fossil fuels, biomass, refuse-derived fuels, combustible wastes, etc.), and it was 
implemented in grate-firing, pulverized fuel-firing and fluidized-bed combustion systems. The co-fired 
fuels can be fed and injected into a combustor/furnace either in the pre-mixed form, or as primary and 
secondary fuels transported into the reactor via separate feeding lines [4,5]. As reported by studies on the 
biomassbiomass co-firing, co-combustion systems can effectively utilize various problematic fuels (e.g., 
with either low calorific value or unacceptable emissions), the individual burning of which is not feasible 
and/or accompanied by strong environmental impacts and/or operational problems [6,7]. 
This work was aimed at studying the potential of co-combustion of PKS (as primary fuel) and EFB (as 
secondary fuel) in a fluidized-bed combustor for the reduction of NO emission compared to burning of 
PKS on its own. To prevent bed agglomeration during co-combustion of these residues with elevated/high 
potassium content, alumina sand was used as the bed material [8]. Effects of excess air and energy 
fraction of EFB in total heat input on CO, CxHy, and NO emissions, as well as on combustion efficiency 
of the combustor, were the focus of study. A cost-based optimization of the major operating variables for 
minimizing “external” costs of the biomass–biomass co-combustion was also among the work objectives. 
2. Materials and Methods 
2.1. Experimental set up 
Fig. 1 shows the experimental facilities with a cone-shaped fluidized-bed combustor (referred to as 
'conical FBC'). The detailed description of the combustor design and geometry has been provided in 
previous studies on individual firing of biomasses [2,3]. To perform the current study on co-firing of PKS 
and EFB, the combustor in Ref. [2] was modified via constructing a new line (with another screw-type 
feeder) for feeding and injecting the secondary fuel at a 1.15 m level above the air distributor, as shown in 
       
  
Fig. 1. Schematic diagram of the experimental facilities for the co-combustion study 
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Fig. 1. Fuel splitting (into primary and secondary) allows an application of fuel staging with single airflow.  
2.2. The fuel and the bed material 
The proximate and ultimate analyses, and the lower heating value of the selected biomasses are shown 
in Table 1. Both oil palm residues can be characterized as high-volatile, low-ash fuels. Due to significant 
fuel moisture in EFB, the lower heating value of this biomass (secondary fuel), LHVf2 = 5.8 MJ/kg, was 
substantially lower than that of PKS (primary fuel), LHVf1 = 16.4 MJ/kg. Insignificant fuel S in both 
biomasses allowed ignoring formation and emission of SO2. To achieve a stable combustor operation, 
PKS and EFB were shredded prior to (co-)combustion tests. 
Table 2 shows the ash composition of the two biomasses. Elevated/high contents of alkali metals and 
notable proportion of chlorine in Table 2 indicated the high risk of bed agglomeration when burning these 
biomasses in a fluidized bed of silica sand. To prevent bed agglomeration, alumina sand (Al2O3 = 87.2 
wt.% and SiO2 = 12.3 wt.%) was selected in this study as the bed material, as recommended in Ref. [2]. 
2.3. Methods for co-combustion tests 
In all experiments, the heat input to the combustor by the two fuels was fixed at 200 kWth, whereas the 
energy fraction of secondary fuel (EF2) in this heat input was varied from 0 (firing PKS) to 0.25. Using 
these characteristics, the fuel feed rates of PKS and EFB were quantified depending on EF2. For fixed 
EF2, the amount of excess air (EA) was ranged from 20% to 80%. During a test run at fixed EF2 and EA, 
the CO, CxHy, and NO emissions (i.e., gas concentrations at stack), were measured for the ranges of EF2 
and EA. The amount of EA and the combustion efficiency were determined according to Ref. [9]. For 
some selected EF2 and EA, the axial profiles of CO, CxHy, and NO were obtained as well.  
2.4. A cost-based model for optimization of operating conditions 
A cost-based optimization method was applied to determine the optimal values of EF2 and EA ensuring 
the minimum “external” costs of the co-combustion. Ignoring the impact from CO2 emissions (as a quasi-
independent of both biomass particle size and excess air), the total “external” costs (US$/h) can be 
minimized according to the objective function as suggested in Ref. [10]: 
 
Table 1. Ultimate and proximate analyses and lower heating value of PKS and EFB 
Biomass Ultimate analysis (wt.%, on as-received basis):  Proximate analysis (wt.%, on as-received basis): LHV 
(MJ/kg) C H N O S VM FC A W 
Palm kernel shell 45.31 6.42 0.12 35.84 0.01 60.4 27.3 2.4 9.9 16.4 
Empty fruit bunch 20.93 8.29 0.38 26.03 0.07 44.9 10.8 2.9 41.4 5.8 
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The specific emission costs of NOx (as NO2), CO, and CxHy (as CH4) were assumed as PNOx = 2400 
US$/t, PCO = 600 US$/t, and PCH4 = 330 US$/t [10], whereas the emission (mass) fluxes were quantified 
using corresponding experimental emission characteristics and feed rates of the co-fired fuels. 
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Fig. 2. Axial profiles of CO, CxHy and NO in the conical FBC when co-firing PKS and EFB at EF2 = 0.15 at different EA values 
 
3. Results and Discussion 
3.1. Axial profiles of the major gaseous pollutants in the conical FBC 
Fig. 2 shows the effects of EA on the behavior of CO, CxHy (as CH4), and NO along the combustor 
centreline for the co-firing of PKS and EFB at fixed EF2. As seen in Fig. 2, the axial profiles of both CO 
and CxHy showed their peaks at the level of secondary fuel (EFB) injection, causing reduction of NO via 
secondary (reducing) chemical reactions in this region, and eventually the NO emission reduction.   
With lowering EA, the secondary peaks of both CO and CxHy became higher, which indicated a 
greater potential of the NO reduction in the secondary zone. However, an increase in EF2 (at fixed EA) 
will apparently lead to more significant peaks of CO and CxHy, and, as expected, to lower NO emission. 
   
 Table 2. Composition of ash in PKS and EFB 
Biomass 
Composition (as oxides, wt.%): 
SiO2 Al2O3 K2O CaO Na2O MgO Fe2O3 P2O5 SO3 Cl 
Palm kernel shell 23.1 5.2 7.0 42.5 5.5 3.0 1.3 8.5 2.4 0.7 
Empty fruit bunch 15.1 2.8 42.2 19.5 - 4.2 3.4 5.3 2.5 3.7 
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3.2. Effects of operating conditions on the major gaseous emissions from the combustor 
Fig. 3 shows the CO, CxHy, and NO emissions during (co-)firing of PKS and EFB at variable EF2 and 
EA. Since the CO emission include some part of CO formed in the oxidation of CxHy, that CO emission 
was substantially higher than the CxHy emissions for the specified ranges of operating conditions. From 
CO and CxHy, these emissions experienced substantial (opposite) effects from the operating conditions, 
particularly at relatively low excess air. With higher EF2 (at fixed EA), both CO and CxHy emissions 
significantly increased, mainly due to the increasing impact from injection of EFB (downstream from the 
conical section). The NO emission for the ranges of EF2 (0–0.25) and EA (20%–80%), as seen in Fig. 3, 
an increase in EF2 at fixed EA apparently led to a substantial reduction of the NO emissions, likely due to 
the increased CO and CxHy in the vicinity of secondary fuel injection. However, increasing EA at fixed 
EF2 resulted in the higher NO emission, which can be attributed to the fuel-NO formation mechanism. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Effects of energy fraction of EFB (EF2) and excess air on the CO, CxHy, and NO emissions when (co-)firing PKS and EFB 
 
 
Fig. 4. Effects of energy fraction of EFB (EF2) and excess air (EA) on the emission costs of the (co-)combustion of PKS and EFB 
3.3. Optimal operating conditions 
Fig. 4 shows the emission costs of the co-combustion of PKS and EFB. The effects of EF2 and EA on 
the "external" costs were substantial. With increasing EF2 at relatively low EA, the "external" costs 
increased to a significant level, mainly due to the contribution of CO and CxHy, whereas at high amount 
of EA, the emission costs basically exhibited an opposite trend. These costs were minimal at EF2 | 0.15 
and EA | 50%. Under these conditions, the major emissions can be controlled at acceptable levels [10]. 
 
Table 3. Emissions and combustion efficiency of co-firing palm kernel shell and empty fruit bunch in different energy fractions 
Excess air                        O2 at stack             Carbon in fly ash    CO at stack       CxHy at stack      
(vol.%)                            (vol.%)                   (wt.%)                    (ppm)                 (ppm)     
Heat loss (%) due to: Combustion 
efficiency unburned incomplete 
0
500
1000
1500
2000
2500
0 20 40 60 80 100
Excess Air (%)
C
O
 
e
m
is
s
io
n
 
(p
pm
,
 
6%
 
O
2) EF2 = 0EF2 = 0.05
EF2 = 0.10
EF2 = 0.15 
EF2 = 0.20
EF2 = 0.25
0
200
400
600
800
1000
1200
0 20 40 60 80 100
Excess Air (%)
C
x
H
y 
e
m
is
s
io
n
s
 (p
pm
, 
6%
 
O
2) EF2 = 0
EF2 = 0.05
EF2 = 0.10
EF2 = 0.15 
EF2 = 0.20
EF2 = 0.25
0
50
100
150
200
250
0 20 40 60 80 100
Excess Air (%)
N
O
 
e
m
is
s
io
n
 
(p
pm
, 
6%
 
O
2)
EF2 = 0
EF2 = 0.05
EF2 = 0.10
EF2 = 0.15 
EF2 = 0.20
EF2 = 0.25
 Priatna Suheri and Vladimir I. Kuprianov /  Energy Procedia  79 ( 2015 )  956 – 962 961
carbon combustion (%) 
Firing 44.2 kg/h PKS (EF2 = 0) 
20 3.6 3.74 990 487  0.19 0.99 98.8 
40 6.1 2.28 360 200  0.11 0.45 99.4 
60 7.9 2.14 160 74  0.11 0.21 99.6 
78 9.2 1.87 110 49  0.09 0.15 99.7 
Co-firing 41.9 kg/h PKS and 4.2 kg/h EFB (EF2 = 0.05) 
20 3.6 5.32 1170 548  0.29 1.16 98.5 
42 6.3 4.92 410 230  0.27 0.54 99.2 
60 7.9 4.89 220 120  0.26 0.32 99.4 
82 9.5 4.33 150 78  0.23 0.24 99.5 
Co-firing 39.7 kg/h PKS and 8.4 kg/h EFB (EF2 = 0.10) 
23 4.1 5.47 1278 640  0.33 1.39 98.3 
42 6.3 5.4 520 311  0.32 0.73 99.0 
58 7.8 5.03 300 169  0.30 0.45 99.2 
82 9.5 4.83 220 101  0.29 0.34 99.4 
Co-firing 37.5 kg/h PKS and 12.7 kg/h EFB (EF2 = 0.15) 
20 3.8 4.79 1700 893  0.30 1.91 97.8 
39 6.0 4.17 860 418  0.26 1.07 98.7 
57 7.7 4.15 470 240  0.26 0.68 99.6 
80 9.4 3.76 360 150  0.23 0.54 99.7 
Co-firing 35.3 kg/h PKS and 16.9 kg/h EFB (EF2 = 0.20) 
22 4.1 8.04 1810 1008  0.58 2.19 97.2 
42 6.4 4.56 930 502  0.32 1.29 98.4 
58 7.8 4.02 570 303  0.28 0.87 98.8 
77 9.2 4.00 440 211  0.28 0.71 99.1 
Co-firing 33.1 kg/h PKS and 21.1 kg/h EFB (EF2 = 0.25) 
21 4.0 3.31 2330 1244  0.24 2.79 97.0 
41 6.3 2.47 1300 629  0.18 1.72 98.1 
56 7.7 2.23 860 392  0.16 1.23 98.6 
81 9.5 2.06 600 259  0.15 0.97 98.8 
3.4. Combustion efficiency 
Table 3 shows the heat losses and the combustion efficiency of the combustor along with the relevant 
parameters required for their prediction. For each (co-)combustion fuel option, both heat losses showed a 
reduction as EA was increased at fixed EF2, following the behavior of unburned carbon content in the fly 
ash, as well as CO and CxHy at stack. As seen in Table 3, the combustion efficiency was characterized by 
its maximum at EA = 60−80%, which, however, exhibited a small reduction with increasing EF2: from 
99.699.7% (for firing pure PKS) to 98.698.5% for the test at EF2 = 0.25. Thus, the fuel staging had 
basically a minor impact on the combustion efficiency of this conical FBC compared to that of excess air. 
4. Conclusions 
The effects of excess air on co-combustion of palm kernel shell (primary fuel) and empty fruit bunch 
(secondary fuel) have been investigated on a conical fluidized-bed combustor at different energy fractions 
of the secondary fuel. With increasing the heat contribution by secondary fuel and lowering excess air, 
the CO and CxHy emissions increase, while the NO emission shows the opposite trends. The co-
combustion at the optimal energy fraction of empty fruit bunch (about 0.15) and optimal excess air (some 
50%) ensures high, about 99%, combustion efficiency, the minimum "external" (emission) costs of the 
combustor, and results in the 35% NO emission reduction compared to firing pure palm kernel shell. 
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